We use state-of-the-art equation-of-motion coupled-cluster theory with single and double excitations (EOM-CCSD) to calculate the dynamic structure factor of the uniform electron gas. Our calculations are performed at densities corresponding to Wigner-Seitz radii of r s = 4, 3, and 2 corresponding to the valence electron densities of common metals. We compare our results to those obtained using the random-phase approximation, which is known to provide a reasonable description of the collective plasmon excitation and which resums only a small subset of the polarizability diagrams included in EOM-CCSD. We find that EOM-CCSD, instead of providing a perturbative improvement on the RPA plasmon, predicts a many-state plasmon resonance, where each contributing state has a double-excitation character of 80% or more. This finding amounts to an ab initio treatment of the plasmon linewidth and highlights the strongly correlated nature of lifetime effects in condensedphase electronic structure theory.
Introduction. The uniform electron gas (UEG) is a paradigmatic model of interacting electrons in the condensed phase [1, 2] . Finite-order perturbation theory for the groundstate correlation energy exhibits a divergence due to the UEG's metallic character and long-ranged Coulomb interactions. These divergences are famously removed by the infinite-order resummation of time-independent particle-hole ring diagrams known as the random-phase approximation (RPA) [3, 4] . As a dynamical theory of the density response function, the RPA corresponds to a resummation of all timedependent ring diagrams and forms the microscopic basis for screening the Coulomb interaction, as is done, for example, in the GW approximation [5] . In the UEG, the RPA strongly modifies the noninteracting polarizability, most significantly predicting the existence of a collective plasmon excitation. Outside of the particle-hole continuum, the RPA plasmon is a coherent, dispersive excitation with infinite lifetime; inside the particle-hole continuum, it acquires a lifetime due to Landau damping.
A number of calculations have attempted to improve on the RPA treatment of the UEG density response function, primarily through the introduction of a static or dynamic local field correction [6] [7] [8] [9] [10] [11] [12] , which is closely related to timedependent density functional theory. Here, we use equationof-motion coupled-cluster theory with single and double excitations (EOM-CCSD) [13] [14] [15] [16] [17] to calculate the density response function of the UEG and to compare to that predicted by the RPA. As shown previously [18, 19] , EOM-CCSD rigorously resums a larger class of time-dependent diagrams than those included in the RPA. In particular, beyond the RPA ring diagrams, the EOM-CCSD response function includes all ladder diagrams, mixed ring-ladder diagrams, and exchange diagrams, as well as large classes of diagrams associated with two particle-hole pairs (i.e. double excitations in the excited-state wavefunction). The CC formalism is appropriate for periodic systems because it has total energies that are size-extensive and excitation energies that are sizeintensive [13, 16, 17] . Furthermore, unlike quantum Monte Carlo approaches, EOM-CCSD directly constructs spectral functions on the real frequency axis, and does not require analytic continuation. To the best of our knowledge, this work represents the first calculation of neutral excitation spectra of a periodic, condensed-phase system using EOM-CCSD.
Theory. Our calculations are performed in a finite simulation cell with periodic boundary conditions in the canonical ensemble at zero temperature. The simulation cell contains N electrons in a volume Ω = L EOM-CCSD diagonalizes a similarity-transformed Hamiltonian in the 1p1h and 2p2h configuration space; diagonalization within the 1p1h space gives the RPA result (plus minor corrections [19] ), which yields a collective plasmon split off from the remaining 1p1h excitations. The interaction of these states with 2p2h configurations produces new eigenstates, as shown in the bottom left. The single plasmon state is mixed into many eigenstates, giving it an effective lifetime, although each individual eigenstate has predominantly 2p2h character. As shown at the right, this leads to a plasmon dispersion that is slightly higher than that of the RPA, in contrast to the known exact behavior, but with a proper correlation-induced lifetime. becomes increasingly metallic at large system sizes. In the correlated calculations to follow, we use N = 66 electrons in a single-particle basis of 81 plane-wave orbitals, corresponding to a density-dependent kinetic energy cutoff. This system size is comparable to those used in quantum Monte Carlo [23] [24] [25] [26] [27] [28] and quantum chemistry [29] [30] [31] [32] [33] [34] [35] [36] . For these parameters, the ground-state CCSD calculation, which is only performed once for each value of r s , is relatively cheap. Although EOM-CCSD has the same formal scaling, the calculation of the dynamic structure factor is our bottleneck, because of the many frequency points and challenges associated with the solution of a system of linear equations. We have performed simple finite-size analysis and believe that our conclusions remain valid in the thermodynamic limit.
Our primary observable is the dynamic structure factor
ImΠ(q, ω), where Π(q, ω) is the polarizability, i.e. the Fourier transform of the retarded density response function,
For the noninteracting electron gas, the polarizability can be simply computed,
The noninteracting structure factor has a particle-hole continuum with boundaries determined by the Fermi occupancy functions n k . The exact polarizability can be formally given by
where G(q, ω) is a dynamic local field factor. The RPA polarizability, which resums all time-dependent ring diagrams, is obtained for G(q, ω) = 0 and exhibits a pole associated with the collective, plasmon excitation. As long as the plasmon energy falls outside of the particle-hole continuum, the RPA predicts it to have an infinite lifetime; in other words, even in the thermodynamic limit, the RPA plasmon is a single quantum state. Inside the particle-hole continuum, the plasmon interacts with quasiparticle excitations, leading to Landau damping and a finite lifetime. In the long-wavelength limit, the RPA is exact [2] and the plasmon dispersion approaches the classical plasma energy ω P (q → 0) = √ 4πn. At finite q, the exact plasmon dispersion is unknown; however, by analyzing the limiting behaviors and conservation laws, one can argue that the exact plasmon dispersion lies below that predicted by the RPA [2] . Therefore, an exact treatment of the UEG is expected to produce a plasmon with a displacement to lower energies and with a finite lifetime, both due to interaction with multipair excitations beyond the RPA.
In recent work, one of us (T.C.B.) showed that the polarizability diagrams summed in the RPA are a strict subset of those included in the EOM-CCSD polarizability [19] . However, because our analysis will make use of the EOM-CCSD excited-state wavefunctions, we briefly review the plasmon wavefunction implied by the RPA and by the simpler Tamm-Dancoff approximation (TDA) [37] . In the TDA, we consider all allowed single-excitation, one-particle+one-hole (1p1h) states, |Ψ TDA (q) = k r k+q k a † k+q a k |0 , where here and throughout the primed summation enforces that k is an occupied state and k + q is an unoccupied state in the mean-field reference |0 . Neglecting electron-hole exchange and solving the configuration interaction problem leads to the identification of the plasmon wavefunction
where N(q) is a normalization factor. The TDA plasmon energy ω TDA (q) is the largest root of the secular equation,
where
The TDA plasmon wavefunction is a coherent superposition of all allowed 1p1h excitations, with equal positive weights in the q → 0 limit, N ρ q |0 . Though physically transparent, the TDA yields a plasmon energy with an unphysical divergence as q → 0. This behavior is fixed in the RPA, which resums ring diagrams in both the forward and backward time directions. The backward propagations are consistent with correlation in the ground-state wavefunction. Following the recent result of Ref. 19 , the RPA wavefunctions can be written as a coherent superposition of single excitations on a correlated ground-state wavefunction |Ψ 0 = e T 2 |0 ,
a k 2 a k 1 is a doubleexcitation operator with amplitudes t q k 1 ,k 2 satisfying the ring-CCD (RPA) equations [19, 38, 39] . It is simple to show that the RPA plasmon amplitudes r k+q k have the same form as those of the TDA,
(6) but with the improved RPA plasmon dispersion ω RPA (q). Therefore, we conclude that the RPA plasmon wavefunction is characterized by a constructive superposition of single excitations on a CCD ground state.
Electronic states with dominant single-excitation character are known to be improved by the inclusion of double excitations corresponding to two-particle+two-hole (2p2h) configurations. In periodic EOM-CCSD, the excited-state wavefunctions are given by and thus include both single and double excitations with respect to the correlated ground-state wavefunction (T 2 is obtained from the full CCSD equations and T 1 is zero for the UEG). Therefore, EOM-CCSD is expected to provide an improved description of the plasmon, whose entire theoretical description to date has relied upon a single-excitation picture. This formalism is equivalent to the diagonalization of the similarity-transformed Hamiltonian matrix in the basis of 1p1h and 2p2h configurations, as shown in Fig. 1 .
Results. In Fig. 2 , we show the dynamic structure factor at r s = 4 calculated using the noninteracting theory in the thermodynamic limit (a) as well as the RPA (b) and EOM-CCSD (c) results for N = 66 electrons with M = 81 plane-wave basis functions. Ignoring symmetries, the EOM-CCSD Hamiltonian includes more than 2 × 10 6 many-body states. Due to the finite system size, in all calculations we use a broadening of η = 1 eV. The simulation data are unavailable at large q because of the finite basis set and at small q because of the finite system size. In particular, for an N-electron simulation, the smallest accessible value of the momentum transfer is q = 2π/L ≈ 2.03q F /N 1/3 ; where q F is the Fermi wavevector. For N = 66 electrons, this corresponds to q ≈ q F /2. Nonetheless, the RPA and EOM-CCSD data both show a particle-hole continuum in agreement with the known results in the thermodynamic limit. The EOM-CCSD result displays enhanced intensity at large ω due to its inclusion of multipair excitations.
Despite the finite system size, the plasmon peak at q = q F /2 is separated from the particle-hole continuum and can be confidently assigned and analyzed. In Fig. 3 , we show the dynamic structure factor at q = q F /2 calculated using various theories for the 66-electron system. The correlated theories are consistent with expected behavior, showing a redistribution of oscillator strength from the particle-hole continuum into the plasmon resonance. The energies of the RPA and TDA plasmons are close to their values in the thermodynamic limit. However, contrary to expectations, the EOM-CCSD plasmon is located at a higher energy than the RPA plasmon, in disagreement with the known exact behavior.
To understand this behavior, we analyze the wavefunction character of the states contributing to the plasmon peak. Unlike the TDA or RPA, for which the plasmon peak comes from a single quantum state, EOM-CCSD predicts a plasmon peak that is composed of many states, i.e. it has a physical linewidth due to interactions with multipair configurations. This correlation-induced linewidth is partially masked by the use of the relatively large line broadening factor η = 1 eV. To characterize these states, we use an energy-targeting algorithm that locates interior eigenvalues of the EOM-CCSD Hamiltonian. Remarkably, we find that all states contributing to the plasmon peak have a significant double-excitation (twopartice, two-hole) character; the state that contributes most strongly to the plasmon peak has only 17% single-excitation character and 83% double-excitation character. This result is in apparent contrast to the usual picture of the plasmon as a single quantum state that is well-described as being dominated by single excitations, but is consistent with a many-body lifetime of such a single quantum state. The wavefunction character of the contributing many-body states also explains the incorrect behavior of the plasmon dispersion: EOM-CCSD is known to overestimate the excitation energy of states with significant double-excitation character. A quantitative prediction of the plasmon energy would require the use of triple excitations (three-particle, three-hole configurations) to allow orbital relaxation in the presence of double excitations.
To test these conclusions, we calculated the dynamic structure at higher densities corresponding to r s = 3 and r s = 2. At higher density, the importance of the Coulomb interaction is reduced, the RPA is more accurate, and the wavefunctions are less strongly correlated. Also, the plasmon is shifted to higher energies. However, the plasmon at the minimum value of q accessible in our 66-electron simulation becomes closer to the particle-hole continuum and lifetime effects are expected to increase. At a given value of q/q F , the linewidth is roughly proportional to the plasmon energy [40] , and thus we expect to see an increased plasmon linewidth for decreasing r s . In Fig. 4 , we show the dynamic structure factors calculated at q = q F /2, for r s = 3 and r s = 2. Consistent with our findings at r s = 4, we see that the EOM-CCSD plasmon is situated in between those of the RPA and TDA, but with a very broad lineshape due to strong mixing with multipair excitations. An approximate extraction of the interaction-induced linewidth as a function of r s is shown in the bottom panel of Fig. 4 . Fig. 3 , but for r s = 3 (top left) and r s = 2 (top right). At higher densities, the plasmon peak at q = q F /2 is much closer to the particle-hole continuum, leading to the enhanced broadening of the EOM-CCSD plasmon (bottom). Dashed lines demonstrate an approximate Lorentzian fit where Γ 1/2 is the half-width at the half-maximum.
Previous diagrammatic calculations on the electron gas have made predictions of the plasmon linewidth [40] [41] [42] . At leading order in q, the plasmon linewidth at our studied value of q = q F /2 is given by Γ 1/2 = bω P /4, where b is calculated by the theory. The results of Ref. 40 are based on a pair factorization of the four-particle Green's function, G 4 ≈ G 2 · G 2 . When the noninteracting G 2 is used in the factorization, b is on the order of unity; when the RPA-screened G 2 is used in the factorization, b is significantly reduced to 0.1 or less [40] . These results imply a lifetime of 0.4-3 eV for r s = 2 and 0.1-1.9 eV for r s = 4. Our results clearly fall within this range and are consistent with the increased lifetime for decreasing r s , however the combination of finite-size effects and a numerical broadening preclude a quantitative comparison. We note that the polarizability diagrams responsible for lifetime effects in EOM-CCSD go beyond the factorization approximation and include interactions between particle-hole pairs, although the screening of such interactions does not include all time-orderings included in the RPA [43] .
Conclusions. We have demonstrated that EOM-CCSD is a promising method for the study of electronic spectra in condensed-phase systems. Most significantly, the inclusion of double excitations in EOM-CCSD enables the ab initio calculation of interaction-induced lifetimes of quasiparticle resonances. Here, the wavefunction-based nature of EOM-CCSD allowed a precise characterization of the many-body quantum states contributing to the plasmon resonance, which were found to have significant double-excitation character.
The low single-excitation character of the states contributing to the plasmon resonance is consistent with the characterization of the plasmon as a quasiparticle excitation, i.e. the quasiparticle weight of the entire plasmon resonance is conserved, but necessarily shared by the many quantum states contributing. This observation has important implications for ab initio calculations of condensed-phase spectra: the hybridization responsible for non-negligible electronic linewidths directly implies a large double-excitation character, which may lead to an overestimation of excitation energies. This may be responsible for the slight overestimation of the energy of the plasmon satellite peaks observed in a previous application of EOM-CCSD to the one-particle spectral function of the UEG [36] . Future work in this direction should pursue the use of triple excitations in order to realize an ab initio method capable of predicting accurate energies and lifetimes of condensed-phase quasiparticle excitations. Additionally, studies at larger system sizes and in larger basis sets will allow the investigation of the modified plasmon dispersion inside the particle-hole continuum as well as the asymmetry and fine structure of the dynamic structure factor [44] .
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